The field of High Energy and Astroparticle Physics aims at unraveling the laws of physics at the shortest distance scales and how these give rise to the universe we live in. Up to the highest energies that can presently be created by man-made accelerators, nature is remarkably well described by a single theory, the standard model of particle physics. The electromagnetic, weak and strong interactions among the elementary fermions are well described by a quantum field theory merging quantum mechanics and special relativity, and incorporating the principle of gauge symmetry. In the Standard Model of particle physics the basic forces other than gravity are mediated by the exchange of intermediate vector bosons associated to the standard model gauge symmetry: the photon, the gluons and the electroweak bosons. The theoretical formulation of the Standard Model was developed from the mid to late 20th century, and its current form has gained general acceptance after the experimental confirmation of the existence of quarks in the mid 1970s. The gauge bosons associated to the electroweak gauge symmetry, the photon and W and Z gauge bosons, were directly produced for the first time at CERN in 1983, while the gluons are associated to the SU(3) color symmetry and were already discovered in the late 1970s. Today we know for certain that there are at least three types or "generations" of elementary constituents of matter. The simplest way to provide masses for the W and Z bosons as well as for the charged fermions is to spontaneously break the gauge symmetry down to the color and electromagnetic subgroup. This suggests the existence of a physical elementary scalar particle, the socalled Higgs boson, which is indeed part of the Standard Model, and whose recent discovery at the Large Hadron Collider (LHC) experiment at CERN by the ATLAS (see Figure 1) and CMS Collaborations constitutes an outstanding achievement in particle physics, and a triumph for theory.
OVERVIEW
The field of High Energy and Astroparticle Physics aims at unraveling the laws of physics at the shortest distance scales and how these give rise to the universe we live in. Up to the highest energies that can presently be created by man-made accelerators, nature is remarkably well described by a single theory, the standard model of particle physics. The electromagnetic, weak and strong interactions among the elementary fermions are well described by a quantum field theory merging quantum mechanics and special relativity, and incorporating the principle of gauge symmetry. In the Standard Model of particle physics the basic forces other than gravity are mediated by the exchange of intermediate vector bosons associated to the standard model gauge symmetry: the photon, the gluons and the electroweak bosons. The theoretical formulation of the Standard Model was developed from the mid to late 20th century, and its current form has gained general acceptance after the experimental confirmation of the existence of quarks in the mid 1970s. The gauge bosons associated to the electroweak gauge symmetry, the photon and W and Z gauge bosons, were directly produced for the first time at CERN in 1983, while the gluons are associated to the SU(3) color symmetry and were already discovered in the late 1970s. Today we know for certain that there are at least three types or "generations" of elementary constituents of matter. The simplest way to provide masses for the W and Z bosons as well as for the charged fermions is to spontaneously break the gauge symmetry down to the color and electromagnetic subgroup. This suggests the existence of a physical elementary scalar particle, the socalled Higgs boson, which is indeed part of the Standard Model, and whose recent discovery at the Large Hadron Collider (LHC) experiment at CERN by the ATLAS (see Figure 1) and CMS Collaborations constitutes an outstanding achievement in particle physics, and a triumph for theory.
The recent experimental confirmation of the existence of the Higgs boson has put the Standard Model on a very firm footing. However, there are several reasons why the Standard Model is believed to be incomplete and even within the Standard Model many puzzles remain. One of these puzzles, for example, involves the neutrino sector. Among the elementary constituents of matter neutrinos are unique in that they do not carry electric charge and as a result they undergo only weak interactions, hence their experimental elusiveness: neutrinos may pass through ordinary matter almost unaffected. There is one neutrino "flavor" associated to each generation of elementary constituents. Understanding flavor from first principles remains a mystery, and it is a great challenge to find a natural explanation for both the origin as well as the values of the many free parameters that characterize the flavor sector. As unique and fundamental building blocks of the Standard Model neutrinos may hold important clues for what lies ahead.
Given the success of the Standard Model and the gauge principle on which it is based, it is now widely believed that any extension of the Standard Model, even ones that incorporate gravity, should be based on a gauge principle of some sort. Unfortunately, it is hard to directly probe the beyond the Standard Model regime. The universe, on the other hand, is capable of accelerating particles to much higher energies than humans can, and are a great potential source of information. But the precise mechanism by which nature manages to create very highly energetic cosmic rays remains poorly understood.
On the other side of the extreme, there is yet another theory which is remarkably successful, the standard model of cosmology. It describes several aspects of cosmology very well and recent results from the Planck satellite (see Figure 1 ) have yet again confirmed its predictions. It raises however at least as many questions as it answers. It assumes the existence of dark matter and dark energy, neither of which are part of the standard model. It assumes a period of inflation in the early universe which is also very difficult to reconcile with the standard model. And it assumes that the universe started out in a singular configuration, the famous big bang.
A proper description of the big bang requires a theory which reconciles general relativity with quantum mechanics. String theory is a theory which does precisely that, and has provided a plethora of theoretical ideas over the past decades, but which remains extremely difficult to verify experimentally.
Progress in all these fields will require great effort both on the theoretical as well as the experimental side. Precise astrophysical measurements, combined with earth based experimental data, must be developed side by side with theoretical ideas to further improve the understanding of the world we live in.
Let us first mention some of the challenges facing particle physics today: scale with the other forces. Unification would provide an elegant way to explain the fundamental interactions in nature.
• The mass scale of the fundamental particles is determined by the scale at which one of the symmetries of fundamental interactions, the electroweak symmetry, is broken. This happens spontaneously due to the Higgs field in the vacuum. This picture, incorporated in the Standard Model, has recently been strengthened by the discovery of the Higgs boson at the LHC. However it raises a consistency puzzle associated with the small value of the Higgs field in the vacuum when compared with the fundamental Planck scale that characterizes gravity. One approach to the problem of explaining this scale difference involves a new symmetry of nature-supersymmetry-which has so far not been vindicated by experiment.
• Why do we see three families of particles with so different masses? The masses of fundamental particles are well measured by experiments. For the case of the charged leptons, we have three fundamental particles: electrons, muons and taus. They have the same quantum numbers (properties) but their masses are quite different. Similarly the large top quark mass seems to suggest that it plays a special role.
Below some grand challenges will be elaborated upon, but it is impossible to do full justice to this field in this brief overview. An overview that covers many aspects in much more detail can for example be found at the website of the particle data group, http://pdg.lbl.gov/2012/reviews/contents_ sports.html
ASTROPARTICLE PHYSICS: THE STANDARD MODEL AND BEYOND
There are many unsolved challenges regarding the underlying physics of quarks and leptons, the basic building blocks of matter. Among the elementary constituents of matter neutrinos play a special role as cosmic probes. They come from natural sources such as geological neutrinos from natural radioactivity and solar neutrinos from nuclear fusion inside the Sun. For example, each second, about 65 billion solar neutrinos pass through every square centimeter on the part of the Earth that faces the Sun. Since neutrinos are hardly absorbed by the mass of the Earth, the surface area on the side of the Earth opposite the Sun receives about the same number of neutrinos as the side facing the Sun. There are also atmospheric neutrinos from cosmic ray interactions in the Earth's atmosphere, neutrinos from supernova explosions, etc.
Their energies cover an impressive range all the way from that of cosmological neutrinos primordially produced in the Big Bang, up to that of high energy sources such as active galactic nuclei. The birth of extra solar system neutrino astronomy in the eighties with the detection of neutrinos from SN1987a in the Large Magellanic Cloud has paved the way to a new generation of decisive neutrino oscillation experiments in the nineties which, altogether, brought on a firmer observational basis the long-standing problem of solar neutrinos. The ultimate elucidation of the solar neutrino puzzle had to wait for the confirmation of the oscillation hypothesis by the nuclear reactor experiment KamLAND. This experiment measured not only the flux of antineutrinos from distant nuclear reactors in Japan, but also confirmed the spectrum distortion characteristic of the large mixing angle oscillations. This was important to exclude alternative non-standard solutions, expected in many theoretical models which ascribe the smallness of neutrino mass to the heaviness of some hypothetical particle messengers such as right-handed neutrinos in seesaw-type schemes. 
COSMOLOGY AND PARTICLE PHYSICS
Recent progress in probing the anisotropies of the cosmic microwave background (CMB) by the WMAP and Planck space missions provides valuable information on the early Universe, such as its age and other data relevant to understand the mechanism of inflation and the formation of its earliest structures. These experiments provide information about the absolute scale of neutrino mass as well as the effective number of relativistic species. We know that over 80% of the matter in the universe is not made of atoms but of a yet unknown substance that cannot be directly seen and is hence called dark matter. This follows from astronomical and cosmological observations that reveal the gravitational effect of dark matter on galaxies and other astronomical objects. Since dark matter is expected to be everywhere in the Milky Way even a weak interaction with atoms would lead to an observable signal. Pair annihilation of dark matter particles in the center of the Milky Way would produce cosmic rays that are observable by satellites. Underground experiments could also produce rare interactions of dark matter with atomic nuclei. Moreover, collisions of protons at high energies available at the LHC could lead to the production of such dark matter particles.
• What is dark matter made of? The key problem is that the Standard Model of particle physics cannot explain the origin of this mysterious component of the universe. Most of the matter in the universe is made of a material beyond the understanding of current particle physics theories.
• What is the mechanism responsible for inflation and the explanation of dark energy? Indeed no convincing interpretations of the particle physics origin of inflation and of the dynamics behind the cosmological constant have so far been presented.
• Why is there more matter than antimatter in the universe? The Standard Model of particle physics treats matter and antimatter in essentially the same way. Yet wherever we look in the universe all we see is matter. Why is the universe made of matter instead of antimatter? When in contact, matter and antimatter immediately annihilate into energy. However we exist because there was initially slightly more matter than antimatter, leaving a sufficient amount of matter after annihilation to form our universe.
Due to their weak interaction neutrinos constitute a valuable probe of the most remote past of our Universe, just after the Big-Bang. Indeed this information may shed light on mysteries such as the origin of matter-the baryon asymmetry of the Universe-as well as the particle physics interpretation of dark matter. Indeed models of neutrino mass have been proposed that lead to specific particle physics candidates for dark matter, such as decaying majorons or gravitinos. These require different detection techniques when compared to the more popular WIMP (Weakly interacting massive particle), an alternative suggested by the simplest supersymmetric models.
QUANTUM GRAVITY AND STRING THEORY
To guide our search for theoretical explanations of the plethora of phenomena described above, a more top down approach could in principle be very helpful. At extremely high energies, the standard model and its extensions necessarily break down and a complete description of physics requires a quantum theory of gravity. To find such a theory and establish its validity beyond a reasonable doubt has often been referred to as one of the holy grails of theoretical physics. 
